Background: Atrial fibrillation (AF) frequently coexists with congestive heart failure (CHF). The increased susceptibility to AF in CHF has been attributed to a variety of structural and electrophysiological changes in the atria, particularly dilation and interstitial fibrosis. We evaluated atrial remodeling and AF vulnerability in a rat model of CHF induced by left ventricle (LV) radiofrequency (RF) ablation. Methods: Wistar rats were divided into 3 groups: RF-induced CHF (Ab, n = 36), CHF animals treated with spironolactone (AbSpi, n = 20) and sham controls (Sham, n = 29). After 12 weeks, animals underwent echocardiographic and electrophysiological evaluation and were sacrificed for histological (atrial fibrosis) and Western blotting (TGF-β1, collagen I/III, connexin 43 and Ca V 1.2) analysis. Results: Mild LV dysfunction and marked atrial enlargement were noted in both ablated groups. AF inducibility (episodes ≥2 s) increased in the Ab group compared to sham animals (31/36, 86%; vs. 15/29, 52%; p = 0.005), but did not differ from the AbSpi group (16/20, 80%; p = NS). Sustained AF (N30 s) was also more frequent in the Ab group compared to shams (56% vs. 28%; p = 0.04). Spironolactone reduced atrial fibrosis (p b 0.01) as well as TGF-β1 (p b 0.01) and collagen I/III (p b 0.01) expression but did not affect connexin 43 and Ca V 1.2 expression. Conclusions: Rats with RF-induced CHF exhibit pronounced atrial structural remodeling and enhanced AF vulnerability. This model may be useful for studying AF substrate in CHF.
Introduction
Atrial fibrillation (AF) frequently coexists with congestive heart failure (CHF), as CHF promotes AF and as AF worsens CHF [1] . The increased susceptibility to AF in CHF has been attributed to a variety of structural and electrophysiological changes in the atria, particularly dilation and interstitial fibrosis [2] . Heart failure increases expression of transforming growth factor beta 1 (TGF-β1) which plays a significant role in the genesis of atrial fibrosis [3] . Furthermore, CHF is associated with decreased expression of connexins 40 and 43 (major atrial gap junctional proteins) [4, 5] . These abnormalities promote slow local conduction favoring sustained reentry. In addition, heart failure-induced atrial remodeling is commonly associated with reduced expression of L-type Ca 2+ channels which may change action potential configuration and atrial refractoriness [6] . It has been shown in animal models that mineralocorticoid receptor blockers such as spironolactone and eplerenone, which exhibit potent antifibrotic properties, attenuate CHF-induced atrial fibrosis and atrial tachyarrhythmias [1, 7, 8] .
The rat model of myocardial infarction induced by ligation of the left coronary artery has long been validated to simulate human CHF and left atrial remodeling [9] . However, this model has drawbacks such as elevated significant immediate mortality and high variability of myocardial infarction size [10] [11] . As an alternative to coronary occlusion, we have recently demonstrated a method of inducing myocardial infarction in rats by left ventricle radiofrequency (RF) ablation which is associated with homogenous infarct size and low mortality [12] [13] [14] . In addition, the histopathologic evolution, severity of left ventricular dysfunction and CHF outcome reproduced a myocardial infarction from coronary occlusion [12] . However, atrial structural alterations and AF susceptibility were not evaluated. 
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We hypothesized that our CHF model promotes left atrial dilation and interstitial fibrosis increasing vulnerability to AF. Therefore, we have assessed atrial structural remodeling and induction of AF in rats with CHF induced by RF ablation. Additionally, we evaluated the impact of spironolactone on atrial fibrosis and AF inducibility.
Methods
This study was approved by the Ethics in Research Committee of the Federal University of São Paulo (protocol number: 8052201213) and was conducted in accordance with "Laws related to animal models in Brazil" (http://www.ccs.ufpb.br/pesqccs/animal.htm).
Open-chest preparation and ablation protocol
Under sterile conditions, 85 male Wistar rats (300 to 320 g) were anesthetized, mechanically ventilated, and a thoracotomy in the 4th intercostal space was performed to expose the heart. One RF ablation (12 W for 12 s) per animal was performed on the free wall of the left ventricle using a customized catheter as previously described [12] [13] [14] . Then, the heart was rapidly placed back inside the thorax, and the chest was closed with simple suture. After recovery, animals were maintained for 12 weeks in conditioned cages in a light cycle of 12/12 h.
Subdivision of animals
Three groups were studied: (1) CHF induced by left-ventricle RF ablation (Ab group, n = 36); (2) CHF animals treated with spironolactone (100 mg/kg per gavage once daily) during the 12 weeks of follow-up (AbSpi group, n = 20); and (3) sham-operated animals (SHAM, n = 29) which underwent thoracotomy and exposure of the heart but not ablation.
At the end of the follow-up period (12 weeks), rats were reanesthetized for echocardiography and electrophysiological study. After that, animals were sacrificed, and the hearts excised for left atrial histological and Western blotting evaluation.
Echocardiography
Transthoracic echocardiography studies were performed using the HP SONOS 5500 echocardiograph (Philips Medical System, Andover, MA) with a 12 MHz transducer, 2 cm depth. In addition to left ventricular function analysis, left atrial diameter, area, and left atrial/aorta ratio were also evaluated as previously described [15] .
Arrhythmia inducibility
Percutaneous electrophysiological studies were performed using an octapolar catheter (EPR catheter 1.6F, AD instruments) positioned in the right atrium via the right jugular vein [16] . Surface ECG and bipolar intracardiac electrograms (3 channels) were displayed on a monitor and stored by a computerized recording system (PowerLab®, Australia). Sinus node function and atrioventricular conduction intervals were not evaluated. Arrhythmia inducibility was tested with up to 5 burst pacing attempts at 20 and 40 milliseconds for a maximum of 30 s using current strengths from 1200 to 1500 mV (STG3008 stimulator, MultiChannels -Reutlingen, Germany). AF was defined as ≥2 s of irregular atrial electrogram (N800 bpm) with irregular ventricular response. AF episodes were categorized as follows: a) No AF induction (episodes b2 s); b) Non-sustained AF (≥2 s and ≤30 s); c) sustained AF (N30 second duration); d) sustained long-lasting AF (N15 minute-900 second duration). AF duration was measured from the end of the burst stimulus until the first P wave of sinus rhythm post-AF and was determined in each rat as the mean duration of all AF episodes.
Atrial refractoriness analysis
Due to poor catheter stability, we were not able to reliably assess right atrial refractory periods by extra-stimulus testing. Therefore, we used the AF cycle length recorded in the intracavitary electrodes as an estimate of atrial refractoriness [17] [18] . The AF cycle length analysis consisted of manually measuring using electronic calipers (same blind observer) the atrial electrical activity intervals (averaging 10 to 20 cycles) during the 31st second of the AF episode of animals with sustained AF. We have chosen this time frame to allow accommodation of atrial refractoriness. The mean, median and shortest intervals of AF cycles were evaluated. AF displaying multicomponent fractionated electrograms or with motion artifacts were excluded.
Histology
Atrial fibrosis was quantified with Picrosirius red staining [19] . Quantitative analysis of collagen (measured in pixels) was performed after sequential images (10 fields per atrium) along the atrial fibers and blindly measured using Image Tool® software.
Western blotting
To determine protein expression of TGFβ1, collagen I/III, connexin 43 and L-type Ca 2+ channels (Ca V 1.2) left atria were homogenized with cold RIPA lysis buffer (RIPA, Millipore, USA), containing phenylmethyl sulfonyl fluoride (PMSF, 1 mM), sodium orthovanadate (10 mM), protease inhibitor cocktail (2 μL/mL, Sigma, USA), sodium fluoride (100 mM) and sodium pyrophosphate (10 mM) [14] . The homogenates were subsequently centrifugated (1500g for 20 min at 4°C) and the supernatants were isolated. Equal amounts of proteins (30 μg) of the samples, the molecular weight marker (Precision Plus Protein, Kaleidoscope, Bio-Rad, USA), and positive controls (30 μg of fibroblast homogenates as a positive control for collagen I/III, TGFβ1 and Ca V 1.2, and 30 μg of mouse encephalon homogenates as a positive control for connexin 43 were electrophoretically separated on gradient polyacrylamide gel (4-20%, Bio-Rad, USA) in an apparatus for minigel (Mini Protean III, Bio-Rad, USA) and transferred to polyvinylidene difluoride (PVDF) membranes (Amersham-GE Healthcare, UK) overnight at 4°C using a Mini Trans-Blot Cell system (Bio-Rad, USA). After blocking, the membranes were incubated overnight at 4°C with blocking solution containing the following antibodies: anti-collagen I/III (1:500; Calbiochem, California, USA, cat. n°234169), anti-TGFβ1 (1:1000; Santa Cruz Biotechnology, Texas, USA, cat. n°sc-146), anti-connexin 43 (1:5000, Abcan, Massachusetts, USA, cat. n°a b11370) or anti-Ca V 1.2 (1:1000, Alomone Labs, Jerusalem, Israel, cat. n°ACC-003). After labeling with primary antibody, the membranes were incubated for 90 min with blocking solution containing appropriate peroxidase-conjugated secondary antibody (anti-rabbit; Jackson Immuno Research, USA): 1:10,000 for collagen I/III, 1:4000 for TGFβ1 and Connexin 43 or 1:2000 for Ca V 1.2. After washing, the fluorescence kit detection reagents (ECL, Amersham-GE Healthcare, UK) were added and the membrane chemiluminescence was detected using Amersham Imager 600 (Amersham-GE Healthcare, UK). Optical densitometric analysis of the bands was performed by the Image J program (Wayne Rasband, National Institutes of Health, USA). The loading control was validated by staining the membrane with Ponceau S.
Statistical analysis
Data were analyzed with the Prism 4.0 program (GraphPad Prism Software Inc., San Diego, CA, USA). The Fisher's exact test was used to compare AF inducibility. AF duration is expressed as median and interquartile range (25% to 75%) and was analyzed with a Kruskal-Wallis test followed by Dunn's test. Data normality was examined with ShapiroWilk test. One-way ANOVA was applied to compare continuous variables among groups followed by Tukey's tests. Results are shown as mean ± standard deviation and significance level was set at p ≤ 0.05.
Results

Radiofrequency ablation
The ablation procedure was uneventful in all animals, with no acute complications. However, during follow-up, mortality rate was 16% (n = 7/43) in the Ab group, 28% (n = 8/28) in the AbSpi group, and 17% (n = 6/35) in the sham group (p = NS). All deaths occurred during the first 3 weeks after ablation and were related to severe heart failure or surgical complications. In the sham group, half of the deaths was caused by unexpected pulmonary infection (these 3 rats were housed in the same cage). These animals were excluded from the analysis.
Echodopplercardiography
Twenty-nine animals in the sham group, 36 in the Ab group and 20 in the AbSpi group were evaluated by 2D echocardiography. Segmental contractile changes in the anterolateral wall, indicative of RF lesion, were observed in all ablated animals. In the Ab and AbSpi groups, respectively, there was dilation of the left ventricle (diastolic diameter 0.93 ± 0.10 cm vs. 0.95 ± 0.06 cm; p = NS) and mild reduction of LV ejection fraction (57 ± 11% vs. 52 ± 7%; p = NS). However, the degree of left atrium dilation was greater in the AbSpi group (0.69 ± 0.09 cm vs. 0.75 ± 0.06 cm; p = 0.02). In the sham group, left atrial diameter (0.62 ± 0.08 cm), left ventricle dimensions (diastolic diameter 0.73 ± 0.10 cm) and ejection fraction (83 ± 9%; p b 0.001) were normal and significantly different (p b 0.001) from ablated groups (Table 1) .
Electrophysiological study
Twenty-nine animals in the sham group, 36 in the Ab group and 20 in the AbSpi group underwent electrophysiological evaluation. As shown in Fig. 1 (panels A and B) , AF inducibility (episodes ≥2 s of duration) was significantly increased in the Ab group compared to sham animals (31/36, 86%; vs. 15/29, 52%; p = 0.005), but did not differ from the AbSpi group (16/20, 80%; p = NS). AF tended to be more easily induced in the AbSpi group than in sham animals (80% vs. 52%; p = 0.07). Sustained AF (N30 s of duration) was also induced more frequently in the Ab group compared to sham animals (20/36, 56%; vs. 8/29, 28%; p = 0.04), with no difference from the AbSpi group (7/20; 35%; p = NS). Inducibility of sustained AF did not vary between AbSpi and sham groups (35% vs. 28%; p = NS).
Further, as illustrated in Fig. 1 (panel C) , long lasting AF episodes (N15 min) occurred more frequently in the Ab group than in sham animals (12/36, 33% vs. 1/29, 3%; p = 0.004), but without difference as compared to the AbSpi group (5/20, 25%; p = NS). Long lasting AF was also more commonly induced in the AbSpi group than in sham animals (25% vs. 3%; p = 0.03).
Induced AF duration was not statistically different among the 3 study groups (p = 0.07), although there was a tendency toward increased AF duration in the Ab group compared with sham and AbSpi groups. AF duration in the AbSpi group was comparable to sham animals (Fig. 1, panel D) .
The AF cycle length could be assessed in 7 animals (24%) from the sham group, 16 (44%) from the Ab group and 6 (30%) from the AbSpi group. Although recorded mean, median and shortest AF cycle length were longer in the Ab group (36 ± 13 ms; 36 ± 12 ms; 32 ± 12 ms) as compared to the AbSpi group (31 ± 3 ms; 31 ± 3 ms; 28 ± 4 ms) and sham animals (30 ± 4 ms; 30 ± 8 ms; 29 ± 4 ms), these differences were not significant.
Histology
Six animals in the sham group, 5 in the Ab group and 4 in the AbSpi group underwent histological evaluation. Left atrial interstitial fibrosis was increased in the Ab group as compared to sham animals (p b 0.001) and AbSpi group (p b 0.01). However, no differences in the amount of fibrosis were noted between AbSpi and sham rats (Fig. 2) .
Western blotting
Four animals in each group were used for TGF-β1, collagen I/III and Ca V 1.2 expression analysis. Expression of TGF-β1 was significantly increased in left atria of the Ab group as compared to sham and AbSpi animals (p b 0.01), and collagen I/III also was significantly increased in the Ab group compared to sham and treated animals (p b 0.01). The treatment with spironolactone (AbSpi group) significantly reduced both TGF-β1 and collagen I/III protein expression in left atria to values comparable to those observed in intact animals. In ablated animals (Ab and AbSpi), Ca V 1.2 expression was significantly reduced as compared to sham animals (p b 0.01) with no difference between Ab and AbSpi groups. Expression of connexin 43 was evaluated in 5 animals from each group. In left atria from both ablated groups (Ab and AbSpi), expression of connexin 43 was significantly decreased as compared to sham animals (p b 0.01) and connexin 43 expression did not differ between Ab and AbSpi animals (Fig. 3) .
Discussion
The present study is the first to examine atrial remodeling and AF arrhythmogenesis in our recently developed rat model of heart failure induced by left ventricle RF ablation [12] [13] [14] . We have demonstrated that rats with RF-induced heart failure exhibit marked atrial structural changes (dilation and interstitial fibrosis) and enhanced AF vulnerability compared to sham controls. Further, likewise other heart failure models, treatment with the mineralocorticoid receptor blocker spironolactone attenuated atrial fibrosis [3, 19, 20] . Our heart failure model was developed as an alternative to the rat model of myocardial infarction induced by ligation of the left coronary artery, which has long been validated to simulate human congestive heart failure and left atrial remodeling [9] [10] [11] . However, the coronary occlusion model is limited by its elevated immediate mortality (within 24 h), which varies between 13% to 65%, and high variability of left ventricle myocardial infarction size (40 ± 19%) [10] [11] . Conversely, in our RF ablation model, immediate (24 h) mortality (7.5%) and myocardial infarction size dispersion (45 ± 8%; p = 0.001) are consistently lower compared with animals undergoing coronary occlusion [12] [13] [14] . Corroborating the Table 1 Echocardiographic variables for ablation, ablation + spironolactone and sham groups 12 weeks after the ablation procedure. low mortality of our model, in the present study, death rate during the first 3 weeks of follow-up did not differ between ablated animals (Ab 16%, AbSpi 28%) and sham controls (17%; p = NS).
In our heart failure model induced by RF ablation, infarct size and the degree of myocardial dysfunction and atrial dilation are highly reproducible. These features derive from the mechanisms of RF lesion formation, which is thermally mediated and can be controlled by adjusting power delivery, application time and electrode size [11, 12, 21] . In the present study, ablated rats consistently developed mild heart failure and atrial remodeling, characterized by dilation and interstitial fibrosis of the left atrium (Table 1, Fig. 2 ). In addition, expression of the fibrogenic protein TGF-β1 and collagen I/III was markedly increased in the ablation group while gap junction protein connexin 43 and the L-type Ca 2+ channel Ca v 1.2 were significantly decreased in ablated animals (Fig. 3) . It is well recognized in animal models of heart failure that these structural abnormalities increase vulnerability to AF [1] [2] [3] 22] . Accordingly, AF inducibility (episodes ≥2 s of duration) was consistently increased (Fig. 1B) in the ablation group compared to sham animals (86% vs. 52%; p = 0.005). Further, sustained (N30 s of duration) and long-lasting AF episodes (N15 min) were more frequently observed in the ablation group than in sham animals (Fig. 1 , panels B and C). Of note, our AF inducibility rate (86%) is comparable to rats undergoing coronary occlusion (73%) [16, 22] . It has been demonstrated in a rat model that aldosterone induces a substrate for atrial arrhythmias with locally disturbed conduction and characterized by atrial fibrosis and myocyte hypertrophy [23] . Noteworthy, these results were independent of increased atrial load pointing out to a direct proarrhythmic effect of aldosterone. Accordingly, it has been shown in experimental studies that mineralocorticoid receptor blockers mitigate heart failure-induced atrial fibrosis and AF inducibility [3, 19, 20, 22] . In the present investigation, spironolactone significantly reduced atrial interstitial fibrosis as well as TGF-β1 and collagen I/III expression but did not affect connexin 43 and L-type Ca 2+ channel Ca v 1.2 expression (Figs. 2 and 3 ), suggesting that changes in electrical remodeling represented by reduced Ca V 1.2 and connexin-43 expression are unchanged by spironolactone treatment. These observations further suggest that our RF ablation model exhibits atrial remodeling characteristics comparable to those of heart failure induced by coronary occlusion [19, 20, 22] . Left atrial size was significantly larger in the spironolactone group compared to the ablation group (Table 1) . The reasons for this finding are unclear but may be related to drug effects on atrial remodeling. Dilated left atrium is likely derived from left ventricular dysfunction and haemodynamic atrial overload [19] . Unfortunately, atrial pressure was not evaluated in our study. Although aldosterone significantly reduced structural remodeling (less fibrosis) the AbSpi group exhibited almost the same inducibility of AF as the Ab group. This puzzling observation may be connected to persistent changes in the electrophysiological properties of the atrium (electrical remodeling) [2] . Expression of Ca v 1.2 and connexin 43 remained significantly decreased in animals treated with spironolactone. Atrial L-type Ca 2+ current is downregulated in heart failure changing action potential configuration and refractoriness [2, 6] . In addition, abnormal atrial Ca 2+ handling occurs in heart failure [24, 25] and other AF models like spontaneously hypertensive rats [26] and contribute to the development of ectopic activity. Accordingly, it is well recognized that AF can be initiated and maintained by rapid focal firing [2, 22] . Finally, gap junction remodeling may promote slow local conduction favoring sustained reentry [2, 4, 5] . It has been consistently reported in animal models [4, 5] , including a rapid pacing pig model of AF and severe heart failure [27] , that alterations in connexin 43 expression are associated with AF.
The increased susceptibility to AF in heart failure is mainly related to conduction abnormalities throughout the atria secondary to interstitial fibrosis [1] [2] [3] . Although atrial structural remodeling could be clearly demonstrated in our model, we were unable to determine the electrophysiological mechanisms underlying the increased AF vulnerability. Due to poor catheter stability, atrial refractory periods were not evaluated by extra-stimulus testing. As a result, we have used the AF cycle length recorded in the intracavitary electrodes as an estimate of atrial refractoriness [17, 18] . AF intervals were longer in the ablation group than in sham animals, but this difference did not reach significance. Also, conduction velocity was not assessed. It would be interesting to conduct optical mapping studies to address these issues [28] . Nevertheless, AF vulnerability could be consistently demonstrated using a stimulation protocol with burst pacing for up to 30 s. This aggressive protocol could overestimate AF inducibility, but would not affect its sustenance. Furthermore, the definition of AF in our study required an arbitrary duration cut-off of at least 2 s whereas in most studies the duration cut-off ranges from 0.5 to 1.0 s [16, 22, 28] . Finally, atrioventricular conduction intervals were not recorded, but these variables do not affect AF inducibility.
Study limitations
This study was conducted in rats thus the results cannot be directly extrapolated to humans. Although AF vulnerability was increased, it is unclear whether spontaneous arrhythmias occur. The criteria used for measuring AF cycle length were arbitrary and subject to selection bias. Infarct size was not assessed, and the degree of left ventricular systolic dysfunction was determined by echocardiography only. Hemodynamic measurements were not performed, but they exhibit good correlations with echocardiography parameters [12] . Of note, our left ventricular ejection fraction figures for ablated and sham animals are comparable to other reports concerning infarcted rats and controls [29] [30] [31] [32] . Mild systolic ventricular dysfunction was consistently induced in our model. Interestingly, in patients with mild systolic heart failure, eplerenone reduced the incidence of new onset atrial AF [33] . Because RF lesion formation can be easily controlled in the experimental setting [21] , our model has the potential to titrate left ventricle lesion size reproducing several degrees of heart failure. Electrode-tissue contact force is a key factor in RF lesion size. Unfortunately, our custom catheter is not equipped with contact force sensing technology, which could further improve reproducibility of infarct size [34] .
Conclusions
Rats with RF-induced mild heart failure exhibit pronounced atrial structural remodeling and enhanced AF vulnerability. These features reproduce those of heart failure induced by coronary occlusion. The low mortality and high reproducibility of left ventricle myocardial infarction size associated with our model make it attractive for studying AF substrate in heart failure.
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